Studies in vertebrates have shown that hormones can influence circadian rhythms of behavior. We investigated whether testosterone could induce rhythmicity in arrhythmic Japanese quail, kept in DD. The animals used were 3 1 ⁄ 2-week-old castrated males from a line of quail selected for the lack of the circadian rhythm of feeding activity. After 3 weeks in DD, 8 birds were implanted with an empty implant and 16 others with a testosterone implant. Two weeks later, the operation was repeated. After implantation, we noticed that 15 out of 16 testosterone-treated birds showed a circadian rhythm of feeding activity, in contrast to the control birds, which remained arrhythmic. The clarity of this rhythm increased significantly after each implantation. A positive correlation was found between the indexes of clarity of the rhythm (autocorrelation coefficient ratio and area of the peak of spectrum) and the plasma testosterone level. The period of the induced free-running rhythm was identical to the specific value of the endogenous circadian rhythm in immature quail. The circadian period showed a significant lengthening with the second implantation. This lengthening looks like the variation previously observed in maturing rhythmic or implanted quail. So, it would appear that testosterone can act on rhythmicity on at least two levels: by inducing the circadian rhythm and increasing its clarity and by modulating its period. To explain these results, several hypotheses can be considered. First, the observed arrhythmy may be the consequence of an internal desynchronization of oscillators, responsible for generating the circadian rhythm of feeding activity, and testosterone could play a role in the coupling of these oscillators. Alternatively, we suggest that testosterone could act on the transcription of genes implicated in the control of the rhythmicity or may regulate by rapid signals the cellular rhythmic activity. The possible functional values of the enhancing of circadian rhythmicity by testosterone at different stages of the bird's life were discussed.
INTRODUCTION
Studies in a range of vertebrates have demonstrated that certain characteristics of circadian rhythms vary with physiological state (see Turek and Gwinner, 1982; Nelson, 1995 , for reviews). The possible influence of sexual hormones on the circadian system has been investigated by injections or implantations of steroids after gonadectomy. For example, in blind ovariectomized female hamsters, an injection of oestradiol induced an advance of their activity phase, characteristic of proestrus, and a shortening of the free-running circadian period of locomotor activity (Morin et al., 1977) . Progesterone seemed to inhibit the effects of oestradiol (Takahashi and Menaker, 1980) . Castration of male mice induced a lengthening of the period of the general activity rhythm, a decline of the quantity of activity per cycle, and a change in the distribution of activity during the active phase (Daan et al., 1975) .
In birds, a shortening of the period of the locomotion rhythm during the reproductive phase was observed in common redpolls and starlings maintained in LL (Pohl, 1974; Gwinner, 1975) . In the latter species, testosterone, which can induce splitting phases in the free-running rhythm, could be implicated in the coupling of two oscillators (Gwinner, 1974) . In the same way, implantation of testosterone in castrated male quail maintained in DD can mimic the lengthening of the period of the free-running feeding rhythm and the increase of activity normally linked to sexual development (Guyomarc'h and Guyomarc'h, 1994) .
These previous studies investigated variations of the free-running rhythm in birds that were initially rhythmic. However, in Japanese quail, an important interindividual variability in the clarity of the freerunning rhythm in birds kept under identical conditions was observed. Birds showed varying degrees of rhythmicity, with some individuals being completely arrhythmic, and selecting variant circadian strains of quail was possible (Guyomarc'h et al., 1998) . This procedure appears to select for characteristics of the input and/or output events rather than on those of the pacemaker(s) itself. The aim of the experiment presented here was to determine whether a free-running rhythm could be generated in arrhythmic birds by increasing testosterone levels.
MATERIALS AND METHODS

Animals and Housing
The animals used were domesticated Japanese quail Coturnix japonica from a line selected for arrhythmicity of feeding activity in DD (Guyomarc'h et al., 1998) . Twenty-four birds were produced from five crosses. The chicks were reared in communal boxes maintained at 37ºC with artificial lighting (12.5 L, 11.5 D with natural twilight), until they were 3 1 ⁄2 weeks old. They were then placed in soundproof chambers in individual boxes in DD until the end of the experiment. The temperature was held constant (20 ± 1ºC). Food and water were available ad libitum and replenished three times a week, each time at a different time of day.
The feeding activity of the birds was recorded, following the method described by Guyomarc'h and Guyomarc'h (1992) , using infrared detectors.
Experimental Protocol
When they were 3 1 ⁄2 weeks old, just before the sexual development in our rearing conditions, all the males were castrated and allocated to two groups: a control group (n = 8) and a treated group (n = 16). After 3 weeks in DD, the animals in the experimental group were given a testosterone implant and the control animals were given an empty implant ( Fig. 1) . A second implantation was made 2 weeks later. Two days before and after each implantation, blood samples were taken from the under-wing vein in order to measure the testosterone levels. The blood was centrifuged (15 min at 4ºC, speed 4000 RPM), to extract the serum, which was frozen until the biochemical analysis. To monitor the development of the secondary sexual features, the width of the cloacal vent was measured by calipers at the beginning and at the end of the experiment.
Data Analysis
The actograms were analyzed by microcomputer (Commodore Amiga), and data from each bird were examined to detect the presence of a circadian rhythm.
Autocorrelation and spectral analysis (fast Fourier transformation) were used. Autocorrelograms were performed over 10 cycles of 24 h. Autocorrelogram coefficients were calculated from sequential data series of total activity over 12-min periods and filtered. The ratio: AR = A(τ) -A(τ/2) / A(τ0) was used to express rhythmicity; A(τ) was the autocorrelation coefficient at the free-running period, A(τ/2) the coefficient at half this period, and A(τ0) the coefficient at τ0, that is, the total energy of the signal. This ratio was independent of the level of activity and representative of the clarity of a bird's rhythmicity. Using spectral analysis, we assessed the circadian period and the area of peaks corresponding to this period and to its possible harmonics (τ/2, τ/3) ( Fig. 2) . A peak was taken into account when it was isolated and when its height was more than 0.05 of the spectrum power. The arrhythmic birds, showing no spectrum peak, were attributed a zero area. This was also an index of the clarity of rhythmicity. These measures were made before the implantation (R1), after the first one (R2), and after the second one (R3) (see Fig. 1 ).
The quantity of activity per cycle was measured and reported per mean cycle, which was, for the group, 22.6 h. The results were tested by nonparametric analyses using the Statview computer program.
Surgery
The implants were prepared with medical Silastic tubing (1.02 mm i.d. and 2.16 mm o.d.; 25 mm). Only one end was sealed with a mixture of Silastic elastomer catalyzed by octoate. Implants were filled with crystalline testosterone (Roussel) or remained empty. We used a surface anesthesia. The implant was put into the peritoneal cavity by a unilateral laparotomy between the two posterior ribs. Implantation (5 to 10 min) was performed in dim light with the bird's head hidden.
Blood Testosterone Levels
Testosterone was measured using a commercial kit designed to assay testosterone specifically (Amersham International, Little Chalfont, Buckinghamshire, UK). Plasma samples (100 µl) were extracted with diethyl ether, dried using a vortex-exporator, and reconstituted in 0.05 M Tris buffer in duplicate assay tubes. Extraction efficiency was determined for each sample (range, 82%-99%). The lower limit of detectability of the assay was 0.11 ng/ml, and intra-and interassay variation were 4.9% and 11.2%, respectively (n = 4).
RESULTS
Over the results as a whole, the indexes from the two methods of analysis, the autocorrelation coefficient ratio and the area of the spectrum peak, were positively correlated (r 2 = .57, p < .0001, n = 132). Sixteen birds were implanted with testosterone-filled implants, and 8 birds with an empty implant (DD: constant darkness; Imp1, Imp2: Implantation 1, 2; S1, S2, S3, S4: blood sampling 1, 2, 3, 4; R1, R2, R3: record analysis 1, 2, 3).
Figure 2. Actograms of feeding activity (on the left) and activity analysis on the recording periods (R1, R2, R3) by autocorrelation (in the middle) and by spectral analysis (on the right) for (a) a control bird, implanted with an empty implant, and (b) a bird treated with a testosterone implant, maintained in DD.
Actogram data are double-plotted. Arrows indicate implantations. The correlation coefficient ratio (AR) is noted next to the autocorrelogram. The period (x) and the area of the peak (e) are indicated on the spectral analysis when peaks are taken into account. The control bird showed no variation of activity. The feeding rhythm of the treated bird appeared following the first implantation, and the clarity of its rhythm increased after the second implantation.
Physiological State of Birds and Plasma Testosterone
At the end of the experiment, no significant differences in body weight between the two groups were found (Mann-Whitney: p = .098, n = 24, means for the treated group: 259.5 ± 5.9 g, n = 16, and for the control group: 250.9 ± 3.5 g, n = 8). All treated males showed secondary sexual features and large cloacal vents (7.5 ± 0.25 mm, n = 16). In contrast, all control males remained sexually immature (cloacal vent : 4.3 ± 0.18 mm, n = 8) (Mann-Whitney: p = .0001, n = 24).
These results agreed with the variations of testosterone levels during the experiment (Fig. 3) : Before the first implantation, testosterone levels were low (S1: mean ± SE: control group: 0.18 ± 0.06 ng/ml, n = 8; treated group: 0.18 ± 0.03 ng/ml, n = 14), characteristic of an immature physiological state, and similar for the two groups (Mann-Whitney: p = .68, n = 22). In the treated quail, testosterone levels 2 days after the first implantation (S2: 1.96 ± 0.39 ng/ml) were significantly higher than before implantation (Wilcoxon test: S1/ S2: p = .001, n = 14). Plasma testosterone levels declined 2 weeks later (S3: 1.09 ± 0.17 ng/ml; S2/S3: p = .0024, n = 14). The second implantation induced a second significant increase of plasma testosterone levels (S4: 2.31 ± 0.24 ng/ml; S3/S4: p = .003, n = 14). Testosterone levels of control birds (S2: 0.25 ± 0.12 ng/ml; S3: 0.21 ± 0.05 ng/ml; S4: 0.37 ± 0.08 ng/ml) showed no significant variations (S1/S2: p > .999, n = 7; S2/S3: p = .892, n = 7; S3/S4: p = .115, n = 8). Consequently, testosterone levels always differed significantly between the birds of the two groups (Mann-Whitney: S2: p = .0004; S3: p = .0003; S4: p = .0001, n = 22).
Variations of Circadian Feeding Activity
All control males except one maintained arrhythmic feeding activity during the experiment. One bird showed a barely perceptible rhythm, after the first implantation of an empty implant, but it soon disappeared. Data analysis before implantation of empty capsule (R1), after the first one (R2), and after the second one (R3) showed no variation of the rhythmicity parameters. Autocorrelation coefficient ratios (Wilcoxon test: R1/R2: p = .141; R2/R3: p = .50, n = 8) and the area of the peak of spectrum (R1/R2: p = .157; R2/R3: p = .157, n = 8) did not vary significantly (Fig. 4) , nor were there any statistical variations of the quantity of activity per mean cycle (R1/R2: p = .889; R2/R3: p = .093; n = 8).
Fifteen out of the 16 arrhythmic males in the treated group became rhythmic (Fig. 2) . Only one bird remained arrhythmic. Autocorrelation coefficient ratios (R1/R2: p = .0096, n = 15; R2/R3: p = .0076, n = 14) and the areas of the peak of spectrum (R1/R2: p = .0051, n = 15; R2/R3: p = .0342, n = 14) increased significantly after each implantation. So, a free-running rhythm appeared with a period of 22.6 ± 0.1 h (n = 15) after the first implantation. This value lengthened significantly after the second implantation (22.9 ± 0.1 h, p = .0173, n = 12). The amount of activity per mean cycle tended to increase after each implantation, but this augmentation was not significant (R1/R2: p = .054, n = 16; R2/R3: p = .311, n = 13).
When, for all the birds of the two groups, plasma testosterone level S1 was attributed to the free-running activity before implantation (R1), S2 to that after the first implantation (R2), and S4 to that after the second implantation (R3), the autocorrelation coefficient ratios (r 2 = .14, p = .003, n = 61) and the areas of the peak of spectrum (r 2 = .23, p < .0001, n = 61) were positively correlated with plasma testosterone levels. This latter correlation was also present in only the treated birds (r 2 = .17, p = .009, n = 38) ( Fig. 5) . We also observed a weak positive correlation between the quantity of activity per mean cycle and the plasma testosterone level for all the birds (r 2 = .12, p = .008, n = 60). This correlation was not significant for the treated birds (r 2 = .018, p = .43, n = 37). Therefore, the clarity of the free-running rhythm and the quantity of activity per mean cycle increased with plasma testosterone level. The area of the peak of spectrum and the amount of activity were positively linked for all birds (r 2 = .14, p = .003, n = 61) but not for treated birds alone (r 2 = .09, p = .07, n = 37). The period for treated birds, which became rhythmic following implantation, was not related to plasma testosterone level (r 2 = .009, p = .68, n = 21).
DISCUSSION
From this experiment, it appears that a rapid increase of testosterone level can enhance circadian rhythmicity in quail that were initially arrhythmic in DD. Higher testosterone level, due to a second implantation, led to a clearer rhythm. A positive correlation between steroid level and clarity of the endogenous rhythm was found: the higher the testosterone level, the clearer the rhythm.
A physiological system responsible for circadian rhythmicity should contain at least an input pathway for entrainment, a clock, and an output pathway (Takahashi et al., 1989) . This system can function only if the pacemaker is coupled with, on one hand, the input, and on the other hand, the output. In our study, the input pathway is linked to the conditions provided by the DD, which allow rhythmicity to be expressed, in contrast to conditions of constant bright light when quail became arrhythmic (Konishi et al., 1985) . We will explore all possibilities of testosterone action at the level of the circadian clock or that of the output pathway to restore the activity rhythm.
In vertebrates, it is probable that the temporal organization of behavior results from oscillators coupled together, in a hierarchical system with pacemakers driving secondary oscillators or a mutually coupled system with redundant oscillators (Takahashi and Zatz, 1982) . In male Japanese quail, crowing and locomotor activities, two androgen-dependent behaviors, may be controlled by a common multioscillator mechanism because these two rhythms free-ran with the same fixed-phase relationship in continuous dim light as in LD cycles (Wada, 1986) . In that experiment, Figure 5 . Correlation between plasma testosterone levels and area of the peak of spectrum for the treated birds (r 2 = 0.17, p = .009, n = 38).
Twelve data were superposed on the point (x = 0.11 ng/ml; y = 0 ng/ml) corresponding to the data before implantation.
comparison of rhythms in intact birds with those in castrated and implanted quail suggested that the formation of the behavioral rhythms was not dependent upon the fluctuations of circulating levels of testosterone; nevertheless, comparison of the actograms of castrated and implanted quail showed variations of the period as well as the clarity of the rhythm during the experiment (Wada, 1986) . Hormones that, like testosterone in starlings, lead to splitting of rhythms (Gwinner, 1974) could act on coupling. In this way, arrhythmicity in DD could be due not to a dysfunction of each pacemaker but to an internal desynchronization of different oscillators taking part in the control of rhythmicity, as hypothesized for the mutant per 0 gene in Drosophila (Helfrich and Engelman, 1987) . High testosterone level resulting from implantations could lead to coupling of these oscillators and enhancing the circadian rhythmicity with a proportional effect: the higher the testosterone level, the stronger the coupling or the more the oscillators that were coupled. In this case, the hormone could act selectively on quiescent pacemakers, making them more and more powerful.
Given the well-known effects of sex steroids on gene transcription (Alberts et al., 1990) , a second, but not necessarily opposite, hypothesis is that testosterone exerts a direct effect on genes controlling circadian rhythmicity in quail. Arrhythmicity may be a consequence of a low level of transcription of genes, which could be enhanced with a variation of the hormonal status. Testosterone could work like a new transcription regulator on "clock" genes or on possible activator genes of the "clock" gene, like white collar-1 and white collar-2 genes, which appear to drive the transcription of the frequency gene in the bread mold Neurospora crassa (Dunlap, 1996) .
We know also that sex steroid receptors exist in cell membranes in the brain. A rapid action of steroids at a cellular level, involving different mechanisms other than the effect on gene transcription, may be implied (Ramirez and Zheng, 1996) . Testosterone could bind to neural membranes to transduce a signal to oscillator structures in order to regulate the activity of the system. Future investigations should focus on the interindividual variability of testosterone and the level of testosterone receptors in relation to variability of rhythmicity.
Another hypothesis concerns testosterone action on the coupling between the oscillators and the behavioral output. Underwood and Siopes (1984) observed, among intact quail in DD, a significant percentage of birds that were arrhythmic for locomotor activity. However, these quail always showed a rhythmic body temperature in DD (Underwood, 1994) . It was postulated that these rhythms were controlled by a dualoscillator system. In this way, the behavioral arrhythmicity observed could be the result of an uncoupling between the oscillators and the behavioral output. This coupling could be restored by testosterone action.
From all this, it follows that arrhythmicity could be caused by several processes. The arrhythmic strains of quail, from which our birds originated, seemed to be the result of selection for characteristics of the output side of the oscillatory mechanism rather than those of the pacemakers themselves, because the previous experiments of selection showed continuous variations in clarity of expressed rhythm (Guyomarc'h et al., 1998) . In this way, the enhancing of circadian rhythmicity by testosterone action could be due to a "desmasking" effect. The clock could be still operating in arrhythmic quail and the arrhythmic feeding activity could be the consequence of an uncoupling between the clock and the behavioral output. In our experiment, the enhancing of rhythmicity by testosterone leads first to a period characteristic of a free-running circadian rhythm in immature quail and confirms the hypothesis of a "desmasking" effect.
In addition to the enhancing of the circadian rhythmicity, a general lengthening of the period as testosterone level increased was observed as in maturing rhythmic or implanted quail (Guyomarc'h and Guyomarc'h, 1994) . A significant positive correlation between the period and the testosterone level found in our former experiment was not found here. This was probably due to the smaller number of samples, since only the treated birds can be compared, and to the shorter range of variation of testosterone values, which was two times lower than for the previous experiment. An effect of testosterone on the rhythm period is likely to occur at the level of the biological oscillators, as reported in hamsters and rats (Morin et al., 1977; Takahashi and Menaker, 1980) . Therefore, we propose that this represents a further effect of testosterone on the organization of the multioscillator system.
To sum up, it would appear that testosterone can act on rhythmicity on at least two levels: by inducing the circadian rhythm and increasing its clarity and by modulating its period.
The testosterone doses implanted in quail to induce circadian rhythmicity produced circulating hormonal levels that correspond to physiological data (Ottinger and Brinkley, 1979) . The effects of testosterone in both inducing and increasing the clarity of circadian rhythms in initially arrhythmic birds must now be considered in relation to the functional value of such a mechanism in wild quail. In our laboratory, pilot experiments showed that wild European quail tend to show feeding activity that is less rhythmic than that of domestic quail in LL dim (unpublished data). Endogenous rhythmicity is linked to the possibility of synchronization by the physical and social environment. The annual cycle of the Japanese quail, which is originally a migratory bird, is regulated by important temporal constraints. For birds in the field, increased testosterone levels are linked to sexual development and the perception of sexual displays by mates (Moore, 1983) and to aggressive interactions with other males (Wingfield and Moore, 1987) . By increasing the clarity of endogenous rhythmicity, hormones could make the birds more susceptible to potential synchronizers. They could also further the switch to nocturnal migratory behavior (Gwinner, 1975) .
Testosterone levels show variations during life. Just after hatching, a peak of plasma testosterone, secreted by the adrenal gland, is present in Japanese quail (Ottinger and Bakst, 1981) , in domestic ducks (Balthazart and Stevens, 1975) , and in chickens (Tanabe et al., 1979) . This drastic but transient hormonal change could act in the same manner on circadian rhythmicity of chicks. Testosterone could facilitate the transition between the temporal organization of the incubation period when embryos are not subjected to LD rhythms and their new life in a brood under a daily cycle. The influence of perinatal sex steroids was investigated in rats where neonatal testosterone treatment of females abolished the rhythm in lordosis in adulthood and conversely concerning males treated with neonatal oestradiol (Hansen et al., 1979) . Moreover, aging quail show decreased sexual behavior and plasma testosterone levels (Ottinger, 1983) . This decline could be linked to the disruption of the circadian system, as with the alteration of entrainment abilities in old hamsters (Turek et al., 1995) . If testosterone is involved in the coupling of oscillators, the decrease of its plasma level could explain the decline of the coupling strength between oscillators observed during aging in mice (Weinert and Weinert, 1997) .
